Development of hepatocellular carcinoma (HCC) is very complex and occurs through a multistep biological process of malignant transformation of normal hepatocytes in which various factors, including genetic and epigenetic alterations, regulation of oxidative stress, inflammation, and immunity are involved. To date, numerous studies have described the molecular pathogenesis of HCC, but the precise molecular mechanisms of HCC development remain unclear. Emerging single-cell transcriptome analysis technology is a powerful tool for defining sub-populations within heterogeneous bulk tumor tissue and allows molecular characterization of each cell. This breakthrough method can unveil the molecular mechanisms of HCC. In this article, I discuss recent advances in the molecular pathogenesis of HCC through this newly emerging concept of single-cell analysis.
INTRODUCTION
Hepatocellular carcinoma (HCC) is the fifth most prevalent cancer in men, the seventh most common in women and the third leading cause of cancer-related deaths worldwide [1, 2] . HCC accounts for approximately 85% of liver cancers [1] and is characterized by a highly heterogenetic pathogenesis with an aggressive clinical course leading to poor survival. The risk factors for HCC are relatively well defined compared with those for other cancers. The risk factors include chronic hepatitis B virus (HBV), hepatitis C virus (HCV) infection, chronically heavy alcohol consumption, aflatoxin B1 (AFB1) exposure and nonalcoholic fatty liver disease (NAFLD) [2] . The incidence of HCC is considered to be significantly higher in eastern Asia and sub-Saharan Africa, which are endemic areas of HBV infection, but the incidence of HCC is rising in Western countries due to increases in HCV infection, chronic alcoholic intake and NAFLD [3, 4] .
In an era of precision medicine for cancer treatment, it is essential to investigate the molecular mechanisms of carcinogenesis and tumor progression. In addition to array-based comparative analyses, genome-wide association studies (GWAS), next-generation sequencing (NGS), and RNA sequencing analyses for cancer research, studies on host immune mechanisms associated with immune evasion of cancer are also required to develop tumor immunotherapy.
It is generally accepted that hepatocarcinogenesis is very complex and occurs through a multistep biological process during malignant transformation of normal hepatocytes in which various factors, including genetic and epigenetic alterations, are involved. Specifically, recent advances in NGS technologies have facilitated a more profound understanding of the molecular mechanisms of HCC, which have contributed to the development of targeted therapies for cancers by identifying genes and associated signaling involved in carcinogenesis and tumor progression. Despite these advances, it remains difficult to effectively treat advanced HCC because most advanced cases are accompanied by poor liver function and liver cirrhosis. Surgical approaches, including resection and liver transplantation, are not available in these cases, so molecular targeted therapy combined with immunotherapy has become an alternative strategy to prolong patients' survival. To this end, further investigation of the molecular pathways involved in hepatocarcinogenesis and tumor progression is indispensable.
In this article, I discuss recent advances in molecular pathogenesis based on major etiologicfactors for the development of HCC.
MOLECULAR MECHANISMS OF HBV-RELATED HCC
Among the major risk factors for HCC, HBV is the most common causative agent that increases the incidence of HCC in East Asia and sub-Saharan Africa. The HBV genome contains four genes (C, S, X and P), which encode the core protein, envelope protein, X protein and a polymerase. Among them, hepatitis B X protein (HBx) is known to have a critical role in the development of HCC. Accumulating evidence reveals that HBx has multifunctional activities including interruption of apoptosis in hepatocytes [5] and DNA repair mechanisms through transcriptional regulations of p53 [6] , facilitation of cellular signal transduction, cell cycle progression, and maintenance of genetic stability of HBx through interactions with different host factors [7] . Chronic HBV infection enables viral DNA to integrate into the host genome, leading to an oncogenic transformation. A recent NGS study revealed that HBV integration was found in more than 80% of HBV positive HCC and was more extensive in tumor tissue compared with surrounding non-tumor tissue [8] . In particular, three cancer-associated genes, telomerase reverse transcriptase (TERT), mixed-lineage leukemia 4 (MLL4) and cyclin E1 (CCNE1) were observed at frequent integration sites in HBV positive tumors. These findings suggest a significant association between HBV integration and hepatocarcinogenesis. Moreover, mutations in TERT promoter are found in more than 50% of HCC tissue [9] . Although the mechanism by which TERT is activated in cancer is not clearly understood, and a recent study revealed that the GA-binding protein transcription factor (GABP), a member of the E-twenty six (ETS) transcription factor family, is selectively recruited to the mutated TERT promoter and activates TERT expression [10] . Accumulating evidence has shown that HBx plays important roles in hepatocarcinogenesis. Several mechanisms by which HBx may function at the molecular and cellular levels are as follows: (1) transactivation of promoters of cAMP response element binding protein (CREB) response element (CRE)-containing genes, including the oncogene Yes-associated protein (YAP) [11] ; (2) alteration of the DNA specificity of CREB and activating transcription factor 2 (ATF-2), resulting in binding and activation of the HBV enhancer [12] ; (3) modulation of the DNA binding specificity of the p53 tumor suppressor, resulting in altered expression of its target genes [13] ; and (4) regulation of cellular signaling pathways, such as activation of the Ras-Raf-MAPK pathway, Src-dependent pathway, PI3K-Akt pathway, inflammation-associated NF-kB/STAT-3 pathways, and wnt/β-catenin pathway [14] [15] [16] [17] [18] . In addition, HBx affects epigenetic alterations through hyper-or hypomethylation of oncogenes and tumor suppressor genes, promoting histone acetylation and de-acetylation of tumor related genes as well as alterations of several microRNAs [19] [20] [21] .
MOLECULAR MECHANISMS OF HCV-RELATED HCC
HCV is a single stranded RNA virus with a 9.6-kb genome that encodes a large polyprotein that is cleaved at multiple sites to produce at least 10 proteins, including structural proteins [core, envelope (E)1 and E2] and non-structural (NS) proteins (proteins p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B). Epidemiologic studies worldwide have provided evidence that HCV is the major risk factor of HCC, and that chronic HCV infection induces liver fibrosis and cirrhosis, ultimately resulting in HCC. Historically, after identification of HCV, it has been very difficult to study its pathogenesis and development into chronic liver diseases and HCC due to the lack of in vitro culture systems. To overcome this limitation, transgenic animal models expressing single or multiple HCV viral proteins were developed [22] . Despite these models, evidence for HCV playing a direct role in hepatocarcinogenesis remains controversial [23] . Because of revolutionary studies on viral replication in cell culture [24, 25] , studies investigating hepatocarcinogenesis by HCV have been actively performed. HCV that replicates only in the cytoplasm of a hepatocyte has not yet integrated into the host genome. Integration of viral elements into the host genome leads to direct oncogenic transformation of hepatocytes. Several studies have provided evidence for a direct role of HCV in the pathogenesis of HCC. Previous studies have described the role of the HCV core protein related to the development of HCC. The HCV core protein activates STAT3 via an IL-6 autocrine pathway [26] and enhances telomerases activity [27] , which can induce oncogenic transformational changes in hepatocytes. In addition, NS3/4A enhances cellular proliferation by activating phosphorylation of extracellular signal-regulated kinases (ERKs) and inhibiting p53-mediated apoptosis and p21 promoter activity [28, 29] . In addition, chronic HCV infection induces oncogenic transformation in several ways: vigorous and continuous inflammation via NF-kB [30] ; oxidative stress, inducing DNA mutagenesis [31] ; alteration of tumor suppressor genes [32] ; direct alteration of the wnt/β-catenin pathway by NS5A; and blocking of TGF-β signaling through an interaction between TGF-β receptor I (TβR-I) and NS5A [33] . Moreover, a recent study demonstrated that a lack of microRNA-122 resulted in a high incidence of tumors in a mouse model, but the mechanism by which this occurs has not been elucidated [34] .
Patients coinfected with HBV and hepatitis delta virus (HDV) have been reported to have rapid and serious disease progression [35] . However, little is known about whether and how co-infection of HBV and HDV can accelerate hepatocarcinogenesis. Recent studies suggest that marked liver inflammation, dysregulation of nuclear signaling pathways, increased oxidative stress, and epigenetic changes through HDV replication can enhance malignant transformation of hepatocytes, resulting in accelerated HCC development [36] .
MOLECULAR MECHANISMS OF ALCOHOL-RELATED HCC
Alcohol consumption, particularly over-consumption, is a serious global health problem. In general, heavy alcohol consumption leads to fatty liver, alcoholic steatohepatitis (ASH), cirrhosis, and eventually, HCC. ASH has been reported to progress to HCC at a rate of 3%-10% annually [37] . Though the pathogenetic mechanisms underlying alcohol-induced tumor initiation have been well defined, the alcohol-related signaling pathways involved in tumor promotion and progression are poorly understood.
Induction of Cytochrome p450 2E1 (CYP2E1), a member of the cytochrome p450 mixed-function oxidase system, by chronic alcohol consumption induces various biologic effects, such as increases in alcohol metabolism, enhanced oxidative stress, increased hepatotoxicity and interactions with various drugs, xenobiotics and carcinogens [38] . In particular, acetaldehyde produced by alcohol metabolism strongly induces oxidative stress, exacerbating liver diseases.
Recent studies have described the association between CYP2E1 polymorphisms and alcohol-related disorders, including alcoholic cirrhosis [39, 40] , but no significant association was found between CYP2E1 Pst I/Rsa I polymorphism and HCC in a recent meta-analysis [41] . The molecular mechanisms for the direct role of alcohol on hepatocarcinogenesis remain unclear. However, a recent large-scale study using exome sequencing analysis of 243 liver tumors identified mutational signatures associated with specific risk factors and demonstrated that the Catenin beta 1 (CTNNB1) cluster was significantly related to alcohol as a risk factor for HCC [42] . Sirtuins (SIRT1), nicotinamide adenine dinucleotide+ (NAD+)-dependent class III histone deacetylases, are linked to histone deacetylation and suppression of gene transcription, as well as the aging process [43] . A previous study illustrated that alcohol reduced hepatic SIRT1 expression, suggesting that loss of SIRT1 activity may initiate alcoholic liver disease [44] . However, the role of SIRT1 in the development and progression of tumors remains controversial. Numerous studies have demonstrated that SIRT1 acts to inhibit cell transformation and tumor progression, but other studies have suggested tumor promoting roles for SIRT1 [45] [46] [47] . In the context of HCC, a recent study by Jang et al. [48] demonstrated the existence of positive feedback regulation between c-myc and SIRT1 that promotes tumor cell proliferation and predicts poor survival in human HCC. More recently, Mercer et al. [49] performed in vivo experiments using ethanol feeding for long periods following injection of diethylnitrosamine (DEN). Their results suggest that chronic ethanol consumption activates Wnt/β-catenin signaling, leading to increased hepatocyte proliferation and promotion of tumorigenesis following an initiating insult to the liver.
MOLECULAR MECHANISM OF NASH-RELATED HCC
NAFLD comprises a spectrum of liver disorders from simple fatty liver to NASH, hepatic fibrosis/cirrhosis and HCC. Individuals with NASH progress to HCC at a rate of 0.5% annually [50] . The risk factors for NAFLD include metabolic syndrome, visceral adiposity, extreme dieting and type 2 diabetes. Additional factors accelerating the transition from simple fatty liver (SFL) towards NASH and HCC include the gut microbiota, adipose-related inflammation, and excessive intake of lipids [51] . NASH associated with end-stage liver disease (ESLD) and HCC have become the second leading causes of liver transplantation in the USA [52] . Generally, SFL is reversible through weight control by exercise and calorie restriction. However, once SFL has progressed to NASH, medical attention is required because of its progression to ESLD or HCC. To date, numerous animal models have been established to investigate NASH-associated HCC, but these models have limitations for elucidating cause-and-effect relationships in the development of HCC. Nonetheless, these animal models have provided crucial evidence for pathogenic mechanisms in NASH-associated HCC. The process of liver injury occurs through activation of oxidative stress, endoplasmic reticulum (ER) stress, mitochondrial dysfunction, autophagy and intrahepatic NKT and CD8+ T cells [53] . During the inflammatory process in NASH, several cytokines, adipokines and lymphokines contribute to hepatic fibrogenesis via the regenerative process of hepatocytes [54] . In addition, recent studies have demonstrated that up-regulation of the insulin-like growth factor 1 (IGF1)/insulin substrate 1 pathway by hyperinsulinemia [55] and enhancement of IL-6 and TNF levels by obesity [56] contribute to hepatocarcinogenesis. Interestingly, a study by Yoshimoto et al. [57] suggested that obesity-induced gut microbial metabolites promote liver cancer through the senescence secretome. In summary, the hepatic microenvironment of NASH, which is considered to be a proinflammatory milieu, plays an important role in the development and progression of HCC.
Genetic factors as well as environmental factors have also been considered to be risk factors for NAFLDassociated HCC. The nucleotide polymorphisms rs738409 C/G, which results in an isoleucine to methionine substitution at residue 148 (I148M) in human patatinlike phospholipase domain containing 3, leads to an alteration of TAG remodeling in lipid droplets. This variant has been linked to an increased risk for liver fibrosis and NAFLD-related HCC [58] . Additionally, transmembrane 6 superfamily 2 (TM6SF2) E167K and glucokinase regulator (GCKR) rs780094 gene variants have been reported to be associated with a higher risk for fatty liver and liver fibrosis [59] . Although numerous factors that contribute to HCC from NAFLD have been revealed, there remain several unsolved issues for the molecular mechanism of HCC in the context of NAFLD, including the direct role of the gut microbiome, epigenetic regulation, identification of metabolomics profiles, and function of cancer stem cells linked to lipid metabolism.
MOLECULAR MECHANISMS OF HCC BY SINGLE-CELL TRANSCRIPTOMIC ANALYSIS
Recent advances in NGS technologies have facilitated deeper insights into the molecular mechanisms of tumor development and progression, thereby opening the way for a new era of personalized medicine. In particular, NGS-based transcriptome analysis (RNA-seq) has become a powerful tool for both characterizing the transcriptomes of each cell and profiling alternative splicing variants associated with cell function [60] . To date, almost all genomic studies have been carried out using bulk samples. However, RNA-seq using bulk tissue samples comprising various cell populations is inappropriate for comprehensively investigating transcriptomic profiling because each cell in the tumor is constantly differentiating, proliferating, and heterogeneous. Thus, the newly developed single-cell RNA sequencing (scRNA-seq) technology is a powerful approach to dynamically analyze the genetic and cytologic heterogeneity of each cell in specific tumor tissue, providing a more comprehensive understanding of the molecular mechanism of carcinogenesis and the process of cancer evolution. The heterogeneity of single cells is diversely manifested in morphologic and phenotypic characteristics, genomics, and proteomics. Proper targets that can be used to analyze the heterogeneity of cancer cell using scRNA-seq include cancer stem cells (CSCs), circulating tumor DNA (ctDNA) and cellfree DNA (cfDNA) [61] [62] [63] .
Recently, RNA-seq-based transcriptome analyses using tumor and non-tumor tissue from 10 HBV-related HCCs were first reported by Huang et al. [64] . Differentially expressed genes (DEGs; 1378) and differentially expressed exons (DEEs; 24,338) were identified in their study. Comprehensive functional analyses demonstrated that DEGs were most significantly enriched in cell growth-related, metabolism-related and immunerelated pathways, suggesting a very complicated mechanism for hepatocarcinogenesis. Furthermore, RNAseq data analyses at the exon level revealed a highly complex landscape of transcript-specific differential expression in HCC. In particular, a novel, highly up-regulated exon-exon junction was detected in the ATAD2 gene. This is the first study dealing with transcriptome profiles, including exon level expression changes and novel splicing variants using RNA-seq, and represents the most comprehensive characterization of HBV-related HCC transcriptomes as well as provides important clues for understanding the molecular mechanisms of HCC pathogenesis at system-wide levels. More recently, to further explore the dynamic mechanisms that simultaneously occur in genetic and epigenetic regulation on gene expression associated with heterogeneity at the single cell level in cancer, single-cell triple omics sequencing (scTrio-seq) techniques, including the genome, epigenome and transcriptome, have been developed [65] . Recently, Hou et al. [66] using scTrio-seq technology, have demonstrated correlations between genomic (copy-number variations, CNVs), transcriptomic, and methylomic data analyzed in the same individual cells in HCC. In addition, they revealed that changes in the gene dosage of certain regions due to CNVs proportionally affect the RNA expression levels of those corresponding regions [66] .
Although few studies have reported on the heterogeneity of liver CSCs at the single-cell level in HCC, a recent study showed that different CSC subpopulations contain distinct molecular signatures, suggesting that CSC heterogeneity may contribute to the molecular and biological diversity of HCC cell groups and, consequently, patient prognosis [67] . Therefore, heterogeneity at the single cell level of liver CSCs may be critical for tumor progression and prognosis in HCC and might be important for the development of targeted agents for HCC.
It is generally accepted that tumor development and progression are closely linked to the failure of immune surveillance, which includes elimination of tumor cells at the initial stage or immune defense to prevent immune escape [68] . In general, activated CD8+ T cells are essential in anti-cancer immunity, while regulatory T cells (Tregs) mediate significant immune dysfunction against cancer [69] . The main reason for the decline of anti-cancer immunity is T cell dysfunction or exhaustion. Several factors responsible for this phenomenon have been proposed, including abnormal increases in check point inhibitors, such as programmed cell death protein 1 (PD1), cytotoxic T lymphocyte antigen 4 (CTLA4), lymphocyte activation gene 3 protein (LAG3), and killer cell lectin-like receptor G1 (KLRG1) [70] . Moreover, tumor-infiltrating lymphocytes (TILs) surrounding cancer play an important role in host immunosurveillance associated with tumor biology. TILs present in HCC are composed of intratumoral CD8+ T cells and peritumoral CD4+ T cells independent of histogenetic origin [71] but their roles in tumor killing are not clearly understood. More recently, Zheng et al. [72] carried out deep scRNA-seq on 5063 single T cells isolated from peripheral blood, tumor, and surrounding non-tumoral tissue from 6 HCC patients. Analyzing the transcriptional profiles of these individual cells coupled with assembled T cell receptor (TCR) sequences, 11 functional T cell subsets were identified based on their molecular and functional properties. Specific subsets, such as exhausted CD8+ T cells and Tregs, are preferentially enriched and potentially clonally expanded in HCC. FOXP3, CTLA4, TNFRSF18, TNFRSF4 and CCR8 were highly expressed in tumor-infiltrating Tregs, while MYO7A, WARS, andCXCL13 LAYN, PHLDA1, and SNAP47 were identified in tumor-infiltrating exhausted CD8+ T cells. In particular, high expression of PHLDA1 and SNAP47 was significantly associated with poor prognosis in HCC patients. In addition, it was demonstrated that LYAN was highly expressed in both tumor Tregs and exhausted CD8+ T cells from tumor tissue of HCC and shown that LYAN is up-regulated on activated CD8+ T cells and Tregs, repressing the CD8+ T cell function in vitro [72] . These data are crucial for understanding hepatocarcinogenesis and developing targeted immunotherapies in HCC.
CONCLUSION
The pathogenesis of HCC is very complicated and depends on the specific etiologic factors involved. HCC pathogenesis is a multistep process that involves diverse molecular and cellular signaling pathways. For this reason, patients with HCC should be managed with multiple therapeutic modalities by multidisciplinary teams rather than a single treatment approach to achieve better clinical outcomes. The major risk factors for HCC include hepatitis B and C virus infection, alcohol, NAFLD, chemical toxins and hereditary disorders. During hepatocarcinogenesis, numerous factors, such as oxidative stress, inflammation, hormone systems, hypoxia and immunity, are dysregulated, leading to the development of HCC. Nonetheless, the precise molecular mechanisms defining the development of HCC have not been entirely elucidated. Emerging scRNAseq technology is a powerful tool for defining sub-populations of cells within a heterogeneous bulk of tumor tissue and has been a breakthrough that has the potential to unveil the molecular mechanisms of HCC. In addition, single-cell genome analysis can be applied to monitor circulating tumor cells and cell-free DNA to evaluate tumor recurrence. Moreover, analysis of the transcriptome heterogeneity and characterization of the heterogeneous molecular signatures in HCC will lead to development of novel therapeutic target agents and ultimately help tailor individual cancer therapy.
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